The effects of the direct interaction between hybridization and speciation-two major contrasting evolutionary processes-are poorly understood. We present here the evolutionary history of the Galápagos marine iguana (Amblyrhynchus cristatus) and reveal a case of incipient within-island speciation, which is paralleled by between-island hybridization. In-depth genome-wide analyses suggest that Amblyrhynchus diverged from its sister group, the Galápagos land iguanas, around 4.5 million years ago (Ma), but divergence among extant populations is exceedingly young (less than 50 000 years). Despite Amblyrhynchus appearing as a single long-branch species phylogenetically, we find strong population structure between islands, and one case of incipient speciation of sister lineages within the same island-ostensibly initiated by volcanic events. Hybridization between both lineages is exceedingly rare, yet frequent hybridization with migrants from nearby islands is evident. The contemporary snapshot provided by highly variable markers indicates that speciation events may have occurred throughout the evolutionary history of marine iguanas, though these events are not visible in the deeper phylogenetic trees. We hypothesize that the observed interplay of speciation and hybridization might be a mechanism by which local adaptations, generated by incipient speciation, can be absorbed into a common gene pool, thereby enhancing the evolutionary potential of the species as a whole.
Introduction
Processes of population differentiation on island systems provided the cornerstone for the development of Darwin's and Wallace's evolutionary theory [1] . If located far from the mainland, islands are rarely colonized de novo, and typically host only a limited number of clades which have often diversified across a system of spatially proximate but independent islands. Therefore, these systems can be seen as evolutionary laboratories, and provide a more simplified framework to study evolutionary processes than mainland settings. Prime examples of island-based evolutionary research include well-known adaptive radiations [2] [3] [4] ], Mayr's classical work on allopatric species formation [5] and compelling accounts of within-island speciation [6] [7] [8] . However, island systems do not only provide useful settings to study diversification processes leading to speciation-they also reveal insights into the processes which counteract speciation, such as hybridization. It is now broadly accepted that hybridization can be as complex a process as speciation and is a major force influencing the evolution of species [9, 10] .
The Galápagos, a remote oceanic archipelago of pure volcanic origin 1000 km west of the South American mainland, provides an ideal setting to study processes of evolutionary diversification and hybridization. It consists of 20 islands ranging from 1.6 to 4600 km 2 in size, plus numerous smaller islets, with ages of emergence dating back 0.06-4.0 Myr [11] . This archipelago has been colonized by many taxa, progressively from older to younger islands, with subsequent speciation, but also hybridization and gene flow between islands [12] . The various effects of hybridization have been documented in Darwin's finches, which represent one of the best-studied adaptive radiations worldwide [13] . While initial speciation following colonization of the archipelago occurred on distinct islands, secondary contact between finch species has resulted in diverse outcomes [14] . On Daphne Island, it was the introgressive hybridization between Geospiza fortis and G. scandens-rather than conspecific gene flow with immigrants from other islands-that increased the genetic and morphological variation of resident populations and enhanced their evolutionary potential, enabling the species to more rapidly react to environmental changes [14] . In other cases, hybridization resulted in despeciation of sister species [15] , or the complete disappearance of a species, as was the case for the large tree finch on Floreana island [16] . Further examples are available from the wellstudied Galápagos giant tortoises, where lineage fusion through introgressive hybridization was recently revealed on the largest island of the archipelago, Isabela. Here, two morphologically and genetically distinct evolutionary lineages colonized the island at different times, coexisted as distinct entities for a period, and then merged into one lineage [17] . Thus, it seems that hybridization as an evolutionary process continues to offer new avenues for evolutionary biologists to explore. In this work, we investigate the evolutionary history of Galápagos marine iguanas (Amblyrhynchus cristatus) and reveal a remarkable situation whereby within-island speciation is paralleled by simultaneous between-island hybridization. In this system, hybridization masks incipient speciation, leading to far-reaching consequences for the interpretation of speciation events based on phylogenetic patterns. Marine iguanas rank as one of the most remarkable organisms of the Galápagos. Unique among lizards worldwide, they alone have adapted to the marine environment by feeding exclusively on algae in the tidal and subtidal zones, though reproduction is purely terrestrial [18, 19] . Being strong swimmers, these large and highly mobile animals have colonized all major and minor islands of the archipelago [20, 21] . Amblyrhynchus is a monospecific ancient lineage forming an archipelago-endemic clade with the three species of Galápagos land iguanas (genus Conolophus) [22] . Although only a single species of Amblyrhynchus is recognized, high levels of genetic distinctiveness characterize most of its current island populations [20] . Previous work on a limited number of specimens [20] even indicated the existence of two genetically distinct Amblyrhynchus populations in the northeast (Punta Pitt-PP) and southwest (Lobería-LO; figure 3c) areas of San Cristó bal island, but further information on their distribution and evolutionary history was lacking. San Cristobal is thought to be one of the oldest of the current Galápagos Islands, having emerged between 2.4 and 4.0 Ma [11] , and measuring only 550 km 2 in surface area, with 140 km of shoreline.
To investigate the contradictory pattern of shallow phylogenetic divergence [21] versus strong genetic population structure [20] in marine iguanas, we first reconstruct a temporal framework for their evolution. We estimate the age of the Conolophus-Amblyrhynchus split from an iguanine time-tree based on protein-coding nuclear genes and multiple temporal calibrations across squamates [23] . As these genes are not variable within Amblyrhynchus, we additionally use mitochondrial DNA (mtDNA), as well as nuclear DNA (nucDNA) from genome-wide restriction site-associated DNA sequencing (RADSeq), to infer the age of marine iguana lineages. On the population level, we derive genetic clusters from an archipelago-wide analysis of microsatellite loci and reconstruct phylogenetic relationships between these clusters based on nucDNA. Finally, we search for significant morphometric differences between the two units on San Cristóbal and investigate the geological past of this island. We find PP and LO to be reproductively isolated and morphologically differentiated sister lineages. As such, the San Cristóbal system represents an exceptional case of within-island divergence of a large and mobile lizard, probably initiated by recurrent volcanism. Hybridization of PP and LO with populations from other islands offers further insights into how marine iguanas-an apparently monospecific lineage-integrate processes of diversification and local adaptation into a common evolutionary gene pool. This mechanism may enhance the evolutionary potential of the species, and enable them to withstand severe climatic oscillations and successfully occupy diverse habitats along the entire Galápagos archipelago.
Material and methods (a) Sampling
During 2011-2014, the majority of the coastline of San Cristóbal was surveyed for marine iguana colonies. Blood samples were obtained from 460 specimens at 17 sites spaced at maximum distances of roughly 10 km, except in the southeast where no iguanas were located along a major part of the coast. An additional 53 samples were obtained from previous fieldwork in 1993.
(b) Molecular genetic analyses
Seven different molecular datasets (A-H) were assembled for phylogenetic and population genetic analysis. For detailed laboratory and phylogenetic analysis protocols, see the electronic supplementary material, in which tables S1 and S2 provide an overview of samples used in each dataset.
(i) Squamate time-tree based on nuclear gene sequences To identify the closest relative of the Galápagos iguanas and date their origin on the archipelago, we sequenced the RAG1, BDNF, R35 and NKTR genes for six focal species, and combined them with 72 squamates [23] in a concatenated alignment of 3000 bp. Phylogenetic analysis was conducted by partitioned Bayesian inference (BI) with MRBAYES v. 3.2 [24] . Divergence times were estimated using BEAST v. 1.7.2 [25] with 18 time-constraints across squamates [23] .
(ii) Time tree of Galápagos iguanas based on mitochondrial DNA A representative selection of the three main haplotype lineages within Amblyrhynchus [20] , including PP and LO, and all species rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150425 of Conolophus, were sequenced for 5557 bp from seven mitochondrial genes. Analyses were performed as for dataset A, with a secondary time constraint for the Amblyrhynchus -Conolophus split based on the estimate for this split obtained from analysis A.
(iii) Mitochondrial differentiation and phylogeography of marine iguanas
Complete mitochondrial control region sequences of 1181 bp in length were sequenced from 310 marine iguanas from San Cristó bal and 34 previously unused samples from various small islands (electronic supplementary material, table S2). These were added to existing data [20] to give a total of 1491 sequences to reconstruct a haplotype network (electronic supplementary material, figure S2 ) and perform mitochondrial-based assignment of San Cristóbal samples.
(iv) Archipelago-wide microsatellite loci genotyping of marine iguanas
Alleles of newly genotyped samples were scored with GENEMARKER (v. 1.95; Applied Biosystems) and added to an existing dataset of 12 microsatellite loci [20] , resulting in an available pool of almost 1500 genotyped samples from all major islands. To avoid overrepresentation of populations [26] , the dataset was standardized by random pruning to approximately 50 samples per island, excluding islands with fewer than 20 samples. For San Cristóbal, 124 samples were used, with 50 each for LO and PP, plus 24 specimens from the previously unsampled East coast. Altogether 614 individuals from 11 islands (electronic supplementary material, table S2) were included for model-based Bayesian clustering analysis [27] to infer archipelago-wide population structure.
(v) Microsatellite loci genotyping of San Cristóbal marine iguanas
The 513 available samples from San Cristó bal were scored at 18 microsatellite loci [28] and any resampled animals or individuals with more than 6% missing data were removed (n ¼ 39). In order to identify occasional migrants from other islands, whose original population are not represented in the dataset, we used assignment tests [29] in GENECLASS [30] . Prior to population structure analysis, 20 individuals who did not assign with a probability of more than 80% to either of the San Cristó bal populations, or had a mitochondrial haplotype associated with another island, were removed. We inferred the fine-scale structure of populations on San Cristobal from the remaining 454 samples. Demographic history was assessed using BOTTLENECK [31] and MSVAR v. 1.3 [32] with various priors (electronic supplementary material, tables S5 and S6). Evolution under gene flow versus drift was tested with 2MOD [33] .
(vi) Genome-wide nuclear DNA analysis by restriction site associated DNA sequencing
Samples of eight outgroups and 33 marine iguana individuals spanning all major islands, including four LO and five PP samples (electronic supplementary material, table S2), were subjected to RADSeq by Floragenex [34] . Genomic DNA was digested with SbfI, and libraries were sequenced in two lanes of an Illumina HISEQ 2000 platform using single-end 90 bp chemistry. A mean of 4 981 040 + 1 195 064 reads per sample was obtained and processed with PYRAD v. 2.15 [35] . Base calls with a Phred quality score of less than 33 were coded as N. Sorted reads passing the filter (4 556 898 + 1 086 834 reads per sample) were aligned into within-sample clusters using a similarity threshold of 0.95 (average 50.7 + 199.6 reads per cluster). We retained clusters with more than 20 reads coverage, less than twice the standard deviation of coverage depth, less than five undetermined sites, less than 5 heterozygous sites and with two or fewer alleles. Heterozygous sites were coded using ambiguity codes and consensus sequences aligned across samples using the same similarity threshold. Loci with identical polymorphic sites in more than three samples were excluded as potential paralogues. A sparse alignment containing loci represented in more than five samples was retained (electronic supplementary material, figure S5 ). We conducted maximumlikelihood phylogenetic inference with a GTR þ G model in RAXML v. 8 [36] with 100 rapid bootstrap replicates and calculated a time-calibrated phylogeny in BEAST v. 2.0 [37] , using calibrations as in dataset B.
(vii) Timetree based on restriction site-associated DNA sequencing data
We dated splits within Amblyrhynchus with a four-taxon subset of dataset F, containing one land iguana outgroup and three marine iguana specimens, representing one of the deepest splits within marine iguanas, and the PP/LO split. After exclusion of missing/ambiguous sites, the final matrix contained 1 793 845 sites, which we analysed in BEAST v. 2.0 under a coalescent tree prior (constant growth), time-calibrating the root according to analysis of dataset A at 4.6 Ma (normal prior, standard deviation 0.3) and with a GTR substitution model.
(viii) Single-nucleotide polymorphism-based species tree analysis of marine iguanas
To obtain a more detailed picture of marine iguana diversification, we repeated the PYRAD procedure for a subset of data including only the 33 ingroup samples. Settings were identical, except for the last step in which we retained a strict matrix with 6893 loci, including 579 304 bp for which data were available for all samples. The bi-allelic genotypes for each individual were used to identify single-nucleotide polymorphisms (SNPs) and export them with ADEGENET for R [38] . An SNP-based species tree of marine iguana populations using the multispecies coalescent method [39] was inferred using the Snapp algorithm in BEAST v. 2.0, grouping samples according to dataset E.
(c) Analysis of morphological characters
Measurements and scale counts were taken from a total of 143 microsatellite-genotyped marine iguanas from San Cristó bal to simply demonstrate morphological differences between diverged lineages. With the exception of body size, none of these morphological characters are currently known to be directly affected by environmental conditions. The following were measured in the field: snout -vent length (SVL) and total length to the nearest 10 mm; width, length and height of the head (HW, HL and HH), and length of fourth toe (TOEL) to the nearest 0.1 mm; and weight to the nearest 0.01 kg. Scale counts were performed on digital photos taken in the field. 
Results
In a phylogeny based on four single-copy protein-coding nuclear genes from 78 squamate species covering all iguanine genera [23] , Amblyrhynchus and Conolophus formed a clade diverging from Ctenosaura around 8. 1a) .
Further phylogenetic analysis of 5557 bp of mtDNA corroborated reciprocal monophyly of Conolophus and Amblyrhynchus, but revealed differences in their diversification patterns. In land iguanas, speciation resulted in the evolutionary branching of Conolophus marthae around 1.52 (CI 0.89-2.19) Ma, followed by further diversification around 0. 2b; electronic supplementary material, figure S6) .
Spatially fine-scale genetic analysis of 454 individuals from 17 sites on San Cristó bal, using 18 microsatellite loci, combined with mtDNA D-loop haplotype assignment, suggested generalized genetic differentiation between PP and LO lineages-a congruence which usually characterizes reproductively isolated species (figure 3). Island-wide, 20 individuals were identified as either migrants from other islands or hybrids ( figure 3; electronic supplementary material, table S3 ). Genetic assignment identified migrants as from either Santa Cruz or Españ ola islands. On the east coast, an entire colony of iguanas with genetic signatures of Españ ola island was identified (site SRECA in figure 3 ; electronic supplementary material, figure  S2) . Individuals of the LO and PP lineages hybridized more frequently with these animals or with migrants from Santa Cruz (in total eight occurrences) than with each other, as evidenced by just two PP/LO hybrids in almost 500 analysed animals.
Demographic modelling, based on 18 microsatellite loci, suggested that both PP and LO have experienced dramatic reductions in their effective population sizes approximately 1800-3000 years ago (electronic supplementary material, tables S4 and S6, and figure S3), largely concordant with the most recent lava formations on this island (figure 3c).
Despite their young evolutionary age, we found morphological differences between PP and LO (details in electronic supplementary material, tables S9-S18 and figure S7 ). PP specimens were on average smaller (SVL in adult males and females: Mann-Whitney U-test; n ¼ 67, p ¼ 0. 
Discussion (a) Evolutionary age of Galápagos iguanas coincides with the subaerial age of present islands
Our phylogeny of protein-coding nuclear genes (figure 1) confirms a sister group relationship between Galápagos iguanas and the Central American Ctenosaura [41] . Amblyrhynchus and Conolophus diverged around 4.5 Ma (figure 1b), whereas previous estimates based solely on mtDNA [22] suggested a much older divergence of around 10 Ma on the nowsunken islands of the archipelago. Our results reconcile Galápagos iguana divergence with the geological age of the oldest extant islands (Españ ola and San Cristó bal; figure 1b) and are consistent with similar estimates for other Galá pagos fauna [12] , including giant tortoises (3- [21] and the earlier coalescence time of mtDNA [46] might account for these betweenmarker differences. Regardless of the discrepancy, divergences within Amblyrhynchus are remarkably recent, especially 
P P -S R B S P P -S R G P P -S R S P P -S R P B P P -S R I P P P -S R P C L O -S R L ( 1 9 9 3 ) P P -S R P C ( 1 9 9 3 ) P P -S R E C ( E /D /C /B ) San Cristóbal scenario, whereby regular dispersal facilitates gene flow between islands, is a more probable explanation for this weak phylogeographic structure; a similar situation is found for another semi-aquatic Galápagos organism, the Galápagos sea lion [49] .
(b) Incipient speciation of marine iguanas on San Cristóbal
The sharp genetic differentiation observed between the PP and LO lineages on San Cristó bal is in stark contrast to the overall pattern of a single genetic cluster per island (figure 2a). From a mitochondrial perspective, PP and LO do not form a monophyletic group (figure 1b). Conversely, phylogenetic analyses based on genome-wide SNP loci unambiguously reconstruct them as sister lineages (figure 2b; electronic supplementary material, figure S6 ), indicating that a considerable portion of their current genomic differentiation must have occurred on San Cristó bal. This mismatch could be due to the mitochondrial genome reflecting a complex history of introgressive gene flow in the species' past [20, 21] . Typically, speciation within the geographical boundaries of one island occurs when gene flow is prevented by a large island size, low vagility of a species, or both [50] . The area effect is paramount, and therefore complete withinisland speciation is exceedingly rare on small islands [1] . In adaptive island radiations of Anolis, for example, which comprise small-to medium-sized lizards, no in situ diversification was detected in Caribbean islands smaller than 3000 km 2 [51] . In birds, most phylogenetic studies of species occurring on single islands rejected sister-species relationships, thereby ruling out within-island speciation [52] . Only small-sized or less mobile organisms, such as palms, provide unambiguous examples of sympatric speciation on small volcanic islands [6] . Given that marine iguanas are large and vagile reptiles, the observed incipient speciation event, occurring in less than 30 000 years on a small island, is unexpected. This process was probably facilitated by an interaction of geological and environmental factors which separated populations spatially, and, in parallel, reduced their sizes. The current geographical distribution of PP and LO (figure 3c) and their recent phylogenetic divergence match remarkably well with the distribution of contemporary volcanism on the island. Lava flows recurrently occurred in central San Cristóbal during the last 0.1 Myr [40] , and the severe bottlenecks evident in both lineages around approximately 1800-3000 years ago coincide with the most recent lava formation (figure 3c).
Accordingly, speciation might have initially followed a micro-parapatric pattern, where repeated volcanic events caused geographical disruption of marine iguana habitat and isolated colonies on the northeastern and southwestern extremes of the island. Yet these events cannot fully account for their significant morphological differentiation and current lack of genetic admixture. Local adaptation and/or prezygotic mating barriers may have also contributed to the consolidation of the divergence process. Difference in body size, as observed between PP and LO, could be a sign of differential habitat adaptation. In marine iguanas, body size is under strong natural selection, and largely depends on the occurrence and abundance of preferred algae [53] . Migrants and hybrids found in sampling sites within the PP lineage (electronic supplementary material, table S3) are larger than pure PP animals, suggesting that smaller body size in PP is to some extent genetically determined.
(c) Within-island speciation in parallel with betweenisland hybridization
Populations of PP and LO are geographically proximate (approx. 12 km coastline between LO-SRCB and PP-SRBS; figure 3b), and PP populations show no significant isolation by distance over distances of more than 30 km (electronic supplementary material, figure S4 ), indicating that they could potentially migrate into the nearest LO populations. It is surprising that of the 474 individuals sampled around the islands' coastline, not one full migrant individual of either lineage was detected in the range of the other ( figure 3a) . Furthermore, given reports of occasional hybridization occurring even between marine and land iguanas [54] , the discovery of only two unambiguous PP/LO hybrids (electronic supplementary material, table S3) is also remarkable. By contrast, betweenisland hybridization, evidenced by eight occurrences, was more common; a notable result, as only 10 migrants from neighbouring islands (Santa Cruz and Españ ola) were found on San Cristóbal, making opportunities for this type of hybridization rare. Therefore, it seems that two distinct evolutionary processes are acting in parallel on San Cristóbal. Incipient within-island speciation is evident, but at the same time, introgressive hybridization with individuals from other islands prevents the completion of this process on an archipelago-wide scale. We hypothesize that these contrary processes have influenced the evolutionary history of marine iguanas on the Galápagos archipelago.
Although introgressive hybridization is now increasingly viewed as a driving force in speciation [9, 10] , the overall pattern observed in marine iguanas resembles more the process of despeciation, described for Darwin's finches [14] , where one species is genetically absorbed into another via hybridization [15] , or lineage fusion, as seen in Galápagos giant tortoises from Volcano Wolf on Isabela [17] . By contrast, the phylogeny of Galápagos land iguanas reflects ancient and fully completed speciation, at least in the case of C. marthae [55] , which diverged around 1.52 Ma (figure 1b). Furthermore, Darwin's finches diversified into 14 species and subspecies within 1.6 Myr [14] . This is in clear contrast to the lack of phylogenetic bifurcation of the marine iguana branch for almost 4.5 Myr. Such a pattern would commonly be interpreted as an absence of speciation processes, an assumption contradicted in this case by the strong differentiation of island populations and the case of incipient speciation on San Cristó bal. Thus, although A. cristatus appears as a single phylogenetic species, incipient speciation events, made visible here via the contemporary snapshot provided by highly variable markers, may well have also occurred in the evolutionary past of this species.
Marine iguana populations regularly experience strong selective pressure during climatic El Niñ o oscillations [47, 48] , which vary in strength between locations and disproportionately remove larger individuals; such selection may partly explain the morphological variation among island populations, especially in terms of body size [53] . Nevertheless, marine iguanas are highly successful and occur archipelagowide, whereas land iguanas currently occur on only four major islands [55] . The geography of the Galápagos archipelago is particularly conducive to the emergence of novel local adaptation in geographical isolation, and in a mobile species rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150425 like the marine iguana, new genetic variants are rapidly assimilated into a common gene pool via introgressive hybridization. The establishment of such a gene pool, incorporating events of local adaptation and speciation, might be an important mechanism underlying the evolutionary success of marine iguanas. Insight from these processes might enhance our understanding of how a species can persist despite frequent and severe climatic oscillations, such as El Niñ o events, which can induce severe population crashes.
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